Introduction
[2] Central scientific questions about Mars are whether any past environments were habitable, when and where they existed, and which geologic deposits could have preserved evidence of past life that developed in these environments. On Earth, the preservation of a record of life or prebiotic chemistry generally requires that biotic materials be entombed by chemical precipitates or fine-grained clastic sediments, especially clays [Farmer and Des Marais, 1999] . Decades of analysis of imaging data from the Mariner 9 and Viking Orbiters, together with studies of terrestrial analogs, indicate that the Martian environments most likely to have harbored life or prebiotic chemistry and to have preserved a fossil record are pedogenic layers, paleolakes, paleoseas, and springs [Farmer and Des Marais, 1999] .
From the perspective of Mars orbit, two major types of evidence can indicate the existence of these past environments: (1) morphology and bed forms indicative of past liquid water, such as depositional fans and point bars, and (2) remotely detected minerals indicative of persistent water activity. Minerals expected to form in these liquid water environments, commonly called ''aqueous minerals,'' include iron oxides and oxyhydroxides, zeolites, carbonates, sulfates, hydrated silica, and phyllosilicates [e.g., Allen and Conca, 1991; Banfield et al., 1991; Robert and Goffé, 1993; Bishop et al., 2004] . Deposits that exhibit both morphology and minerals indicative of past water are of special interest. For example, structures characteristic of marine, lacustrine, or fluvial sediments provide information on physical processes in their depositional environments, whereas mineralogy provides information on chemical conditions and sediment source regions.
[3] During the period 1997 -2005, morphological and mineralogical evidence for past water was sought using the Thermal Emission Spectrometer (TES) and Mars Orbiter Camera (MOC) on Mars Global Surveyor (MGS) [Christensen and Moore, 1992; Malin et al., 1992] , the Thermal Emission Imaging System (THEMIS) on Mars Odyssey (MO) [Christensen et al., 2004] , and Observatoire pour la Minéralogie, L'Eau, les Glaces et l'Activitié (OMEGA) on Mars Express . Among the most important morphologic evidence are valley networks indicating Noachian era surface flow [Baker et al., 1992] ; widespread, subhorizontally layered rocks of Noachian to Hesperian age in Valles Marineris, Meridiani Planum, and western Arabia [Malin and Edgett, 2001] ; and Noachian age intracrater fans consistent with fluvial or alluvial deposition [Malin and Edgett, 2003] . Mineralogic evidence includes phyllosilicates in Noachian rocks, which suggest the prolonged presence of liquid water during Mars' oldest geologic period Bibring et al., 2006] . Aqueous minerals in younger Hesperian rocks include hydrated sulfates and ferric oxides Gendrin et al., 2005a Gendrin et al., , 2005b Mangold et al., 2008] . This ancient temporal change in Mars' aqueous mineralogy has been interpreted as evidence for changes in the surface environment, from earlier, wetter conditions with near-neutral pH to later drier, more acidic conditions. Acidity might have increased over time because of SO 2 emissions from the Tharsis volcanoes [Bibring et al., 2006] , or because of dissolution of buried sulfide deposits by oxidizing groundwater [Burns, 1986 [Burns, , 1987 [Burns, , 1993 Burns and Fisher, 1990] .
[4] Two investigations on the Mars Reconnaissance Orbiter (MRO) have dramatically improved the spatial resolutions of both mineralogic and morphologic evidence for past aqueous environments. Through the completion of MRO's primary science phase in December 2008, Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) [Murchie et al., , 2009a ] acquired a spectral map of 55% of Mars's surface in 72 selected wavelengths at 200 m/pixel (5 times higher average spatial resolution than OMEGA). Targeted observations were taken covering about 9500 sites in 544 spectral bands with 6.55 nm sampling, at 18 -36 m/pixel (20 times higher spatial resolution than OMEGA's highest resolution). CRISM's spectral range of 0.4-3.9 mm covers electronic transition absorptions due to olivine and pyroxene (dominant phases in Mars' basaltic crust) and their ferric alteration products, and vibrational absorptions due to H 2 O, OH, CO 3 , and SO 4 in alteration products including phyllosilicates, hydrated silica, sulfates, oxyhydroxides, and carbonates. The High-Resolution Imaging Science Experiment (HiRISE) has acquired $30 cm/ pixel images, 5 times finer than MOC, covering $0.55% of the Martian surface . The resulting 1-m spatial resolution is shown from terrestrial analog studies to resolve bed forms and structures diagnostic of important surface processes . A portion of each HiRISE image is acquired in three-band color, enabling mapping of distinct surface compositions at meter scales. CRISM and HiRISE observations are typically coordinated with each other, and often with the Context Imager (CTX) [Malin et al., 2007] acquiring 6 m/pixel panchromatic images to provide local context.
[5] In this paper we summarize the state of knowledge, at the conclusion of MRO's primary science phase, of the types and distributions of deposits that exhibit evidence for aqueous minerals. The spatial extent, number of exposures, and diversity of these deposits are far greater than had been expected on the basis of previous orbital surveys [e.g., Christensen et al., 2001b] . However, among these exposures, there are recurring combinations of morphologies and mineral assemblages that characterize distinct ''classes'' of aqueous deposits. We describe 10 such classes, which are distributed across the planet in geologic units ranging from Noachian through Amazonian ages. Part of this description is synthesized from recent papers describing results from the THEMIS [Osterloo et al., 2008] and MRO CRISM and HiRISE investigations Bishop et al., 2008; Milliken et al., 2008; Ehlmann et al., 2008a Ehlmann et al., , 2008b , and from new studies published in this issue Ehlmann et al., 2009; McKeown et al., 2009; Wiseman et al., 2009; Bishop et al., 2009; Roach et al., 2009; Murchie et al., 2009b; Calvin et al., 2009 In addition we present original results on deep exposures of phyllosilicate in Valles Marineris, and on assemblages of phyllosilicates and potential chlorides in ''plains sediments.'' The occurrence of distinct classes of aqueous deposits has not previously been recognized or documented, yet they have implications for the range of past environments that might have supported habitable conditions. We review hypotheses for the origins of these deposits and, on the basis of the mineral assemblages present, make a preliminary assessment of which of the deposits may have formed in environments having water activities consistent with habitable conditions. bearing deposits, as spatial resolution of the measurements has increased. A history of the discovery of these deposits is summarized in Table 1 . At the few-kilometer resolution of TES and OMEGA, four to five types of deposits were resolved. The first of these was concentrations of coarsegrained, gray hematite [Christensen et al., , 2001a exposed from one or more strata of an etched mantling deposit in Meridiani Planum [Arvidson et al., 2003] . Subsequent orbital investigation showed that the etched materials also contain large amounts of hydrated sulfate minerals Griffes et al., 2007] . This hematitebearing material was chosen as the target for the Mars Exploration Rover/Opportunity, whose landed investigations are discussed below. Deposits of similar morphology compose much if not all of the interior layered deposits of Valles Marineris [Lucchitta et al., 1992] , and were found to contain spatially segregated polyhydrated sulfates and monohydrated sulfate (probably the Mg phase kieserite) in close spatial association with ferric oxides [Gendrin et al., 2005a [Gendrin et al., , 2005b Bibring et al., 2007; Mangold et al., 2008] . Fe/Mg phyllosilicates were found in regions surrounding Mawrth Vallis and Nili Fossae and in scattered outcrops in other regions of the Noachian-aged highlands. Bedrock units with smectite clays, Fe-rich nontronite in Nili Fossae and both nontronite and Al-rich montmorillonite surrounding Mawrth Vallis, were identified beneath units of unaltered rock Poulet et al., 2005; Bibring et al., 2006; Loizeau et al., 2007] . Finally, parts of the north polar erg (sand sea) were found to be rich in gypsum, at up to >30 wt % abundance at the optical surface Fishbaugh et al., 2007] .
[7] With the improved spatial resolution of THEMIS, one additional probable aqueous mineral was recognized, in socalled ''glowing terrain.'' At thermal infrared wavelengths this terrain exhibits evidence for a phase that lacks diagnostic emission features, but has emissivity <1.0 throughout the THEMIS wavelength range. Chloride minerals exhibit these properties and also are the geologically most reasonable candidates, but they would have to be present in excess of 25% by weight. The presence of chloride or some other evaporite mineral is consistent with the glowing terrain's location typically in shallow closed basins, sometimes at the terminus of inflowing channels [Osterloo et al., 2008] .
[8] The first Mars year of MRO observations caused a paradigm change in recognition of the diversity and abundance of aqueous deposits on Mars. Four new classes of aqueous mineral deposits have been discovered: phyllosilicates occurring within previously recognized intracrater As spatial resolution and wavelength coverage of the data have improved, the diversity of recognized deposits and their known spatial distributions have increased. Data are given for the time during which a class of deposits' existence was known. Hyphens mean there are no new mineral identifications. depositional fans and deltaic deposits, most conspicuously in the lowermost strata Ehlmann et al., 2008a] ; widespread hydrated silica in thin, light-toned layers on Hesperian age plains ; carbonates in Noachian age terrains [Ehlmann et al., 2008b] ; and intracrater deposits in the Noachian highlands that contain assemblages of sulfates and kaolinite Wray et al., 2008b Wray et al., , 2009 . Many new details about the previously recognized aqueous deposits (as summarized in section 4) have also been discovered. The most significant new finding is the widespread distribution and diversity of hydrated silicates in the highlands. Whereas OMEGA global mapping uncovered a few dozen occurrences, the higher spatial resolution of CRISM global mapping has revealed between several thousand and a few tens of thousands of outcrops hundreds of meters or larger in size, mostly in the central peaks, walls, and ejecta of craters . The probable phases present include hydrated glass and silica, zeolite, the Mg smectite saponite, the Fe smectite nontronite, chlorite, prehnite, and one or more micaceous phases such as illite or muscovite [Ehlmann et al., , 2008c Clark et al., 2008; Mustard et al., 2008] .
[9] Finding these materials from orbit is an important achievement. However, results from MER/Opportunity provide lessons on the importance of landed investigations to interpreting the orbital data, and on limitations on testing hypotheses for the origin of these deposits in lieu of landed measurements [Squyres et al., 2004 [Squyres et al., , 2006 Arvidson et al., 2006] . Prior to the MER landings, models for deposition of gray hematite exposed at the landing site included precipitation from surface waters, precipitation from hydrothermal fluids, and in situ alteration of basaltic materials [Christensen et al., , 2001a . To test these hypotheses at the Meridiani site, Opportunity performed several measurements, including (1) panoramic imaging with sufficient spectral capability to distinguish among materials having different gross iron mineralogies and sufficient spatial resolution to characterize structures and bed forms, such as bedding in the Burns Formation and hematite concretions; (2) microscopic imaging to characterize diagnostic textures and small structures, such as cross-bedding, ripples, desiccation cracks, and molds of evaporite crystals; and (3) elemental and mineralogic composition measurements at multiple locations within a section, to estimate normative mineralogy and to reveal any geochemical trends in the concentrations of sulfates, halides, and other indicators of aqueous activity.
[10] These findings led to a model for the formation of these deposits that is distinct from all three hypotheses inferred from orbital data, yet incorporates aspects of all of them. The interpreted sequence of events, namely the deposition of detrital clastics and chemical precipitates that were later reworked, lithified, and diagenetically altered by groundwater, could not have been inferred from orbital measurements alone.
[11] These results from landed science help to clarify both the strengths and the limitations of orbital observations. Orbital reconnaissance can identify an aqueous deposit and support multiple working hypotheses for its origin, but landed investigation has proven necessary to distinguish among these hypotheses and to decipher the environment that it records. Landed investigation also shows that orbital reconnaissance provides a ''lower limit'' on the mineralogic diversity at a given site, with much of that record not being detectable from orbit because of dust cover or limitations in spatial resolution. For example, at the MER/Spirit landing site at the Columbia Hills in Gusev crater, in situ investigation has revealed hydrated phases including goethite, opaline silica, and several phases of hydrated sulfates. The exposures of these materials are at scales too small to be seen from orbit, even once they are exposed from beneath dust cover by the rover's wheels . To the extent that the Columbia Hills are representative of the Hesperian to Noachian rock record, Mars' aqueous deposits can be expected to contain a more detailed mineralogic record diagnostic of past environments than can be seen from orbit.
Data Reduction and Analysis
[12] This paper is focused on Mars' aqueous mineralogy. Therefore we emphasize data from CRISM, and consider its mineralogic evidence together with morphologic observations from HiRISE and CTX images. CRISM data shown in this paper were converted to apparent I/F using procedures described by Murchie et al. [2007a Murchie et al. [ , 2009a , which include three core steps. First, the data were corrected for detector background by subtracting dark measurements that accompany Mars scene measurements. Second, they were converted to radiance by dividing by similarly processed measurements of an onboard integrating sphere, and multiplied by a spectral model of the integrating sphere derived from ground calibrations. Finally they were divided by a solar spectrum convolved through CRISM's band passes measured on ground, scaled to Mars' solar distance. In addition, propagated detector noise was reduced using a filtering algorithm [Parente, 2008] .
[13] Three methods have been used to correct surface measurements for effects of illumination and atmospheric scattering and attenuation. The first method, the ''volcano scan correction,'' is the correction typically applied to single targeted observations. The data are divided by the cosine of the solar incidence angle and by a scaled atmospheric transmission spectrum obtained during an observation crossing Olympus Mons Mustard et al., 2008] . This corrects for atmospheric gases but not aerosols. The second method, the ''Lambert albedo correction,'' is applied during standard processing to mosaics of multispectral data acquired over a range of atmospheric and illumination conditions. Mars climatology is used to predict atmospheric conditions, and the radiative transfer algorithm DISORT [Stamnes et al., 1988] is used to compute and remove the estimated atmospheric contribution to radiance resulting from both gases and aerosols [McGuire et al., 2008] . The retrieved surface value, Lambert albedo, represents I/F of a Lambertian surface free of atmospheric effects illuminated and observed at normal angles. The third method is applied to selected targeted observations [e.g., Arvidson et al., 2008] . Using climatological values of atmospheric gas and aerosol abundances as a starting guess, DISORT is run iteratively to model both surface and atmospheric radiances to minimize atmospheric gas bands, and Lambert albedo is retrieved. In each of the three cases, data are map projected using the line-of-sight intercept of each detector element with the MOLA shape model of Mars.
[14] To show variations in key mineralogic absorptions in image form, we use spectral parameters or ''summary products'' , standardized representations of absorption band depths using wavelengths included in both targeted and multispectral mapping data. Summary products are shown here overlain on reference corrected I/F, at 0.77 mm for parameters calculated from wavelengths 0.44 -1.02 mm and at 1.33 mm for parameters calculated from wavelengths 1.02-3.92 mm. The full set of summary products is described by S. Murchie et al. (CRISM data product software interface specification, 2007; available at ftp://pds-geosciences.wustl.edu/mro-crism/mro-m-crism-2-edr-v1/mrocr_0001/document/crism_avsis.pdf), and those utilized in this paper are described in Table 2 .
[15] The results presented here focus on the detection of mineral phases and their correlations with morphologic features, their stratigraphic relationships, and their spatial distributions. For these purposes CRISM data were analyzed in conjunction with HiRISE and CTX images that were processed to the standard levels delivered to the Planetary Data System Malin et al., 2007] . HiRISE color images, which sample CRISM's 0.4-1.0 mm wavelength range in three broad bands, were autostretched to enhance subtle color variations.
Classes of Aqueous Mineral-Bearing Deposits
[16] We define classes of aqueous deposits as deposits which (1) exhibit common spectral signatures indicative of a characteristic set of minerals or mineral groups, (2) exhibit the spectral signatures over different geographic areas in materials having comparable morphology and geologic settings, and (3) exhibit consistent stratigraphic relationships with other major geologic units defined by Tanaka et al. [1992] , as well as they can be determined. Nine to ten classes of deposits have been recognized to date, depending on whether layered materials in Meridiani Planum and Valles Marineris are considered to be the same or different (section 4.8). We recognize that choices of lumping and splitting classes can be somewhat arbitrary and that further distinctions are likely to be realized in the future. In addition, MRO data are so new that more classes of deposits may yet be discovered.
[17] Table 3 lists the 10 classes of deposits and their characteristic aqueous mineralogy, associated morphology and geologic setting, and geographic distribution, on the basis of analyses conducted through the end of 2008. For each class a type area is given, along with identifiers of the Tanaka et al. [1992] are shown in Figure 1 . For most of the classes, the age ranges are cited from published literature; for plains sediments and intracrater clay-sulfate deposits, they are inferred from stratigraphic relationships evident in MRO data.
[18] In sections 4.1 -4.10 we describe the classes of deposits as seen from orbit, and summarize hypotheses for their origins that are consistent with available data. In most cases multiple working hypotheses appear viable and additional, probably landed, measurements are required to further evaluate those hypotheses.
Layered Phyllosilicates
[19] The phyllosilicates detected by OMEGA surrounding Nili Fossae and Mawrth Vallis [Michalski and Noe Dobrea, 2007; Loizeau et al., 2007] form discrete, commonly polygonally fractured layers having a distinctive, stratified composition . At Mawrth Vallis (Figures 2 and 3 ) the layers have a total thickness of >150 m and form a sequence of (1) a lower layer of Fe/Mgrich clay, typically nontronite; (2) a middle layer of Al-rich The lower beds contain a strong spectral signature indicating alteration to ferric phases, but ferrous phases are present both above and below the contact of the Fe/Mg-and Al-rich clays . The phyllosilicate-bearing sequence is overlain by a darker-toned caprock that exhibits little to no evidence of altered phases and has weak pyroxene absorptions. Morphologies of the phyllosilicatebearing layers vary, with the Fe/Mg clays exhibiting coarse polygonal fractures tens of meters apart, the Al smectite clays exhibiting more closely spaced fractures, and the kaolinite-group-and silica-bearing layers exhibiting a smooth texture at meters scale [Wray et al., , 2008a Bishop et al., 2008; McKeown et al., 2009] .
[20] MRO results indicate that the deposits in the Mawrth Vallis region are late Noachian in age and once covered much of western Arabia. Studies using Mars Express data suggested that the phyllosilicates are incised by and predate erosion of the Mawrth Vallis outflow channel [Loizeau et al., 2007] . However, using bedding dips extracted from HRSC and HiRISE digital elevation models of selected outcrops, Wray et al. [2008a] showed that the aluminum phyllosilicates are draped on the topography of the channel and that selected outcrops occur within the channel, suggesting that the Al phyllosilicates postdate channel formation and thus are upper Noachian in age. CRISM multispectral mapping has identified eroded remnants of this stratigraphy over a region at least 700 Â 900 km in size, suggesting a formerly much greater spatial extent [Noe Dobrea et al., 2008a , also submitted manuscript, 2009 .
[21] Phyllosilicate exposures in the eastern and western areas of Nili Fossae are distinctly different. Exposures west of Nili Fossae are classified as deep phyllosilicates, and are discussed in section 4.4. Exposures east of the fossae exhibit commonalities with the material around Mawrth Vallis, including a sequence of Al phyllosilicates overlying Fe-Mg phyllosilicates, and metersto tens-of-meters-scale polygonal fracturing [Ehlmann et al., , 2008c . However, in contrast with Mawrth Vallis, Fe/Mg-rich clays are much more dominant . A dominantly Fe/Mg smectite-bearing, brecciated, >500m thick lower unit and layered sedimentary Fe/Mg smectites are frequently capped by a thin kaolinite layer that is no more than tens of meters thick . The kaolinite-bearing material is overlain by a capping unit with no distinctive mineralogic signature.
[22] Other occurrences of this sequence of Al-bearing clays overlying Fe/Mg-bearing clays have been recognized in widely separated locations including Eridania basin [Noe Dobrea et al., 2008b] , Noachis [Wray et al., 2009] , and in the walls of Valles Marineris (section 4.4), possibly indicating a globally widespread distribution.
[23] Previously proposed origins of layered phyllosilicates include marine sedimentation of sorted, transported clays, alteration of volcanic ash, hydrothermal alteration driven by caprock deposited as an overlying impact melt sheet, and pedogenesis of basaltic regolith [Loizeau et al., 2007; McKeown et al., 2009; Ehlmann et al., 2009] . Marine sedimentation would require late Noachian standing water, which is difficult to envision as blanketing all of the regions where the sequence is observed. Alteration of volcanic ash has less demanding environmental requirements because it could occur in precipitation-fed groundwater as well as in standing water, but the ash must have been regionally extensive. Impact-driven hydrothermal circulation does not require extensive near-surface liquid water [McKeown et al., 2009 ], but at least at Mawrth Vallis there is no Figure 1 . Interpreted relative ages of the 10 classes of aqueous deposits described in Table 1 and sections 2 and 4, given both in the Mars stratigraphic timeframe and relative to the chemical environments proposed by Bibring et al. [2006] . evidence for a suitably located, large basin whose impact melt would cover the original extent of the deposits, and that has the required late Noachian age [e.g., Frey, 2006] . Pedogenic weathering of a basaltic regolith to the observed thickness implies at least a temporary late Noachian environment that involved a substantial throughput of water [McKeown et al., 2009] . Among previously proposed hypotheses, alteration of volcanic ash and pedogenic weathering of basalt are, overall, most consistent with the deposits' geologic settings and with constraints from MRO data. In addition the brecciated nature of the lower Fe/Mg phyllosilicates east of Nili Fossae strongly suggests the excavation of deep phyllosilicates and their emplacement as basin ejecta is an important mechanism in forming some strata of the layered phyllosilicates.
Phyllosilicates in Intracrater Fans/Deltas
[24] MOC images revealed the existence of fans, possibly originating in part as deltaic deposits, where large channels debouch into a number of highland craters thought to have hosted open basin lakes [Fassett and Head, 2008] . The craters include Holden , Ebers- show spectral parameters related to Fe mineralogy (red, BD5300; green, SH600; blue, BDI1000VIS). Materials appearing redder have a stronger spectral signature of nanophase ferric oxides, and materials appearing bluer have a stronger 1-mm absorption due to olivine, pyroxene, or other ferrous phases. The green image plane (which makes some areas appear yellowish or aqua) indicates an inflection near 0.6 mm in mixtures or coatings of dust on dark materials [Fischer and Pieters, 1993] . Figures 2c and 2f show spectral parameters related to bound water or hydroxyl (red, D2300; green, BD2210; blue, BD1900). Red to magenta areas contain Fe/Mg phyllosilicate, green and blue-green areas contain Al phyllosilicate or hydrated silica, and grayish areas have low contents of these phases. Note that both Fe/Mg and Al phyllosilicates occur in regions having an enhanced signature of Fe oxide.
walde [Malin and Edgett, 2003; Lewis and Aharonson, 2006] , and Jezero [Fassett and Head, 2005; . Systematic targeting of these features by HiRISE, CRISM, and CTX has revealed that the lower units of the fans exhibit subhorizontal bedding and a stronger spectral signature of Fe/Mg phyllosilicates ( Figure 4 ). The phyllosilicates are spectrally similar to those located elsewhere in the drainage basins. They are generally found in the lower portions of the fans in bright sediments with planar beds that lack resolvable blocks, consistent with the presence of fine-grained materials deposited in a quiescent depositional environment. The Fe/Mg phyllosilicate -bearing layers are typically overlain by a more lithified, and commonly bouldery, caprock unit with no mineralogically distinct spectral signatures. The caprock may represent a later fluvial deposit or a capping volcanic deposit Ehlmann et al., 2008a] .
[25] The occurrence of phyllosilicates in the fans' lower, perhaps bottom-set deltaic beds and their resemblance spectrally to phyllosilicate-bearing outcrops within the drainage basin are strong evidence for erosion, transport, and depositional sorting in a quiescent, lacustrine environment. The phyllosilicate-bearing strata thus have substantial exobiological importance because their clays could have entombed and preserved organics formed in persistent standing water [Farmer and Des Marais, 1999; Ehlmann et al., 2008a] .
Plains Sediments
[26] Plains sediments are an assemblage of phyllosilicates and sometimes chlorides that occur in relatively flat areas of intercrater plains and on some crater floors, without obvious relations to depositional fans. The evidence for chlorides is glowing terrain in THEMIS data, characterized by an unusually high apparent emissivity at shorter wavelengths of processed data [Osterloo et al., 2008] . This appearance of high emissivity is an artifact of THEMIS ground processing methods, which assume that unit emissivity occurs at least at one wavelength. In fact, the glowing terrain actually has much less than unit emissivity throughout the wavelength range of THEMIS. Chloride minerals exhibit this property and are the most reasonable phases geologically, but chloride must be present in excess of 25% mass fraction in order to account for the observed spectral properties [Osterloo et al., 2008] . Several hundred occurrences of glowing terrain have been identified in the Noachian highlands, typically in shallow closed basins of intercrater plains, and occasionally at the terminus of channels.
[27] Although chlorides lack diagnostic absorption features at visible and near-infrared wavelengths, new CRISM images reveal the existence of associated phyllosilicates and provide constraints on chloride composition. One of the largest clusters of glowing terrain deposits lies within a relatively flat-bottomed basin in Terra Sirenum ( Figure 5) . Multispectral mapping by CRISM shows that the densest part of the cluster overlaps a region containing Fe-bearing phases and phyllosilicates several tens of kilometers in lateral extent. CRISM's targeted observations have sampled several occurrences within this region. Glowing terrain appears brighter at infrared wavelengths than typical background soils (Figure 6 ), it is redder (it lacks the negative infrared continuum slope characteristic of dusty basaltic materials), and it has a much weaker 3-mm H 2 O absorption feature. These spectral properties are consistent with a significant content of a high-albedo, anhydrous phase such as chlorides. The red spectral slope and weak 3-mm absorption are characteristic of glowing terrain and can be mapped at near-infrared wavelengths (Figure 7 ). The spectrum of the adjacent phyllosilicates resembles that of Fe/Mg smectites observed elsewhere and discussed previously. E00D06
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[28] The relationship between the probable chlorides and the phyllosilicates is shown in Figure 7 , located near the center of the basin. High-standing, coarsely fractured, deeply eroded mounds of light-toned phyllosilicate-bearing material are embayed by lower-standing, platy to polygonally fractured, medium-toned glowing terrain. Both are superposed on an eroded basement exhibiting weak pyroxene absorptions consistent with basaltic materials. In other examples of the contact between chloride-and phyllosilicatebearing materials in this region, the chloride is observed to fill channels cut into the phyllosilicate [Wray et al., 2009] . These relationships suggest that although the two phases were deposited at the same location, phyllosilicatebearing material was deposited first and subsequently eroded by fluvial and/or eolian processes prior to deposition of the chloride-bearing material.
[29] Other examples of plains sediments are more dominated by phyllosilicate. One is in the crater Miyamoto, which was fed by a regional drainage network [Newsom et al., 2003] Noe Dobrea et al., submitted manuscript, 2009] .
[30] Plausible depositional environments for plains sediments include playas and lacustrine environments, whose history included sedimentation of detritus sorted from the surrounding highlands by fluvial and aeolian processes, deposition of chloride-rich evaporites, and possibly autochthonous (in-place) formation of phyllosilicates by alteration of mafic sediments or regolith. These depositional environments may be comparable to those of the fans and deltas described in section 4.2, or of the intracrater clay-sulfate deposits discussed in 4.6 (however with lesser acidity).
Deep Phyllosilicates
[31] Numerous outcrops of phyllosilicates in the Noachian highlands are found in crater walls, rims, ejecta, and central peaks , and in the walls of Nili Fossae Their common attribute is their presence in basement rock or in materials exhumed from depth, but their other characteristics vary. We group these materials into a class of ''deep phyllosilicates,'' and as discussed below this class consists of a variety of materials probably formed by multiple mechanisms that may comprise a much more substantial component of the Noachian crust than previously recognized.
[32] A variety of phyllosilicate mineral groups is indicated by spectral signatures of various outcrops (e.g., Figure 9 ). The shape and center of the 2.2-2.3-mm metal-OH absorption and its strength relative to the 1.9-mm bound water absorption suggest that chlorite and saponite are common phases. Also observed, but less common, are spectral signatures consistent with nontronite, Al smectite, kaolinite, muscovite or illite, serpentine, hydrated silica, and zeolite [Ehlmann et al., 2008c Fraeman et al., 2009] . Prehnite also occurs and may be common in some regions [Clark et al., 2008; Buczkowski et al., 2008 , also Investigation of an Argyre basin ring structure using MRO/CRISM, manuscript in preparation, 2009; Ehlmann et al., 2009] . In general, the implied mineral assemblages suggest aqueous alteration at a relatively low temperature and pressure, grading from diagenesis into low-grade metamorphism. On the basis of the number density of outcrops of deep phyllo- Figure 5 . Regional view of intercrater plains in Terra Sirenum that contain both phyllosilicates and outcrops of glowing terrain interpreted as chlorides. The background is a THEMIS day IR mosaic, overlain with color-coded MOLA elevation contours at 500-m increments from 0 to +3500 m, where blue is low and red is high. The strips are CRISM multispectral mapping data, in which red (OLINDEX, stretched 0.01-0.16) shows 1.0-1.7-mm spectral slope due to olivine or, in this case, Fe/Mg phyllosilicate; green (D2300, stretched 0.001 -0.03) shows the 2.3-mm absorption due to Fe/Mg phyllosilicates; and blue (HCPINDEX, stretched 0.01 -0.06) shows 1-and 2-mm absorptions due to pyroxene. Magenta circles are locations of glowing terrain identified by Osterloo et al. [2008] ; the filled circles marked B and A show the locations of Figures 6 and 7, respectively. silicates in multispectral mapping coverage examined to date, and extrapolating that density over the Noachian-aged southern highlands, there may be 5000-10,000 locations where deep phyllosilicates are detectable spectrally over regions hundreds of meters or greater in extent [Mustard et al., 2008] . To date, only a fraction of these locations have been sampled at high resolution.
[33] Most deep phyllosilicates are Fe/Mg phyllosilicates but there is evidence for considerable regional variation in the specific type and abundance of phyllosilicate and alteration mineral assemblages. Fraeman et al. [2009] probed possible variations in mineralogy with depth by examining the frequency of different phyllosilicate occurrences as a function of crater diameter in Noachian units of Mars' eastern hemisphere. They found a weak relationship between mineral occurrences and crater size (a proxy for depth of excavation). Also, there are regional variations in the mineralogy of exhumed phyllosilicates: chlorite more frequently occurs in Tyrrhena Terra, whereas Fe/Mg smectites are more dominant at Noachis. Zeolite and illite or muscovite occur very infrequently and have so far only been found in a few craters west of Nili Fossae and Terra Tyrrhena Fraeman et al., 2009] . A thick (>500 m) megabreccia that surrounds Isidis basin is dominated spectrally by Fe/Mg smectite . Buczkowski et al. [2008 Buczkowski et al. [ , also manuscript in preparation, 2009 ] found chlorite-and prehnite-bearing exposures surrounding Argyre whose elevations are consistent with a discrete phyllosilicate-bearing layer, occurring within the otherwise pyroxene-dominated and probably basaltic lower Noachian unit of the plateau plains series that forms the southern highlands [Scott and Tanaka, 1986; Tanaka et al., 1992] (unit Npl 1 and its fluvially dissected equivalent Npld). The phyllosilicates are buried by younger Noachian and Hesperian plains units (units Npl 2 and Hpl 3 ) having spectral signatures of high-calcium pyroxene that indicate a basaltic composition, and they overlie low-Ca pyroxeneand olivine-bearing rocks interpreted previously to originate from lower layers of the plateau plains (units Nh and HNu) .
[34] The walls of Valles Marineris expose a relatively continuous section of these units over thousands of kilometers, and provide an opportunity to assess the stratigraphy of deep phyllosilicates. CRISM targeted observations achieved particularly dense coverage of eastern Coprates Chasma (Figure 8 ) for this purpose. The lowest parts of the chasma walls contain low-Ca pyroxene-and olivine-bearing materials near the À4 km elevation. These are comparable to exposures elsewhere in basin massifs (Figures 9a, 9b , and 9e) Buczkowski et al., 2008 Buczkowski et al., , also manuscript in preparation, 2009 , and the occurrence of olivinebearing materials at comparable elevations in the walls of Ganges and Eos Chasmata to the east was reported previously from THEMIS data [Edwards et al., 2008] . In the middle portions of the wall near À2 km elevation, material with a 2.32-mm absorption band and lacking a 1.9-mm band resembles chlorite or dehydrated saponite; no Al phyllosilicate is evident (Figures 9a, 9b, and 9d ). It is overlain by several kilometers of high-Ca pyroxene-bearing material consistent with basalt. The phyllosilicate-bearing material is massive to blocky, resembling impact breccia, and it forms a sharp contact with overlying layered basaltic materials that comprise much of the chasma walls (Figure 10a ) [McEwen et al., 1999] . In the uppermost portion of the wall and plateau (elevation +3 km) overlying the layered basalt, a two-layer sequence having spectral signatures consistent with Al smectite or kaolinite on top of Fe/Mg smectite (Figures 9c and 9d) is exposed where overlying material from unit Hpl 3 has been removed. The overlying stripped layer has a spectral signature of high-Ca pyroxene, and its morphology suggests friable, possibly sandy basaltic material eroded by wind (Figure 10b ). The Al phyllosilicates are light toned and polygonally fractured, as observed in comparable layered phyllosilicate-bearing material surrounding Mawrth Vallis (Figure 10c ). The Fe/Mg phyllosilicates lack this fracturing and outcrop in multiple thinner layers, each perhaps a few meters thick (Figure 10d) . A very preliminary, generalized stratigraphic column for eastern Coprates Chasma (Figure 11 ) shows different types of phyllosilicates that are interbedded with mostly basaltic material [McEwen et al., 1999; Edwards et al., 2008] . The occurrence of a discrete layer of chlorite or dehydrated saponite-like materials within the Npl 1 unit is comparable to its occurrence to the southeast near Argyre, and the occurrence of the Al and Fe/Mg smectites high in the section is comparable to their occurrence in layered phyllosilicates to the northeast at Mawrth Valles (section 4.1).
[35] The association of phyllosilicates with breccias and megabreccias of probable impact origin is widespread. West of Isidis basin, in the walls of Nili Fossae and in the regional basement (from À1 to À2 km elevation), Fe/Mg smectites occur as the matrix in a breccia with blocks consisting of low-calcium pyroxene and phyllosilicates . McEwen et al. [2008] have found over fifty exam- Figure 6 . Relative spectra of glowing terrain and phyllosilicates taken from CRISM observation FRT0000AB81 at 31.6°S, 206.4°E, at the location marked B in Figure 5 . The spectra of both materials have been ratioed to nearby spectrally neutral material to highlight differences. The phyllosilicate resembles the Fe/Mg smectite observed in intracrater fans, layered phyllosilicates, and deep phyllosilicates. The glowing terrain exhibits a relatively red spectral slope and weak 3-mm band due to bound water, consistent with intermixture of anhydrous, spectrally neutral chloride.
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ples of megabreccia, commonly in central peaks of large craters, and typically they contain a phyllosilicate component in the blocks or matrix.
[36] The diversity of phyllosilicate compositions and geologic settings within this one class of deposits indicates that multiple genetic mechanisms are likely involved. These may include alteration by hydrothermal circulation in the cooling crust, impact-generated hydrothermal alteration, and diagenesis of deposits formed at the surface and buried by volcanic, impact, or sedimentary processes. Parmentier et al. [2008] showed that the Noachian time history of lithospheric thicknesses derived from modeling surface loads of different age is consistent with enhanced heat transfer and cooling of the crust by deep hydrothermal circulation. They suggested that this mechanism could have formed widespread phyllosilicates through the upper 10 km or more of the Martian crust. Fraeman et al. [2009] showed that mineralogy of phyllosilicates exposed by impact craters varies weakly if at all with impact size, and thus with depth of excavation of the crust. They interpreted this to be consistent with a hydrothermal crustal cooling mechanism that would have maintained a moderate temperature profile in the crust. Most of the observed minerals could have formed at temperatures <100°C, implicating only the cool- est epithermal environments if they were in fact hydrothermal. Detection of prehnite in some outcrops suggests that at least locally alteration temperatures exceeded 200°C, consistent with some degree of low-grade metamorphism or hydrothermal activity . However, the persistence of olivine (which is easily altered) underlying the phyllosilicate in Valles Marineris and Argyre is difficult to reconcile with globally distributed hydrothermal alteration [Hoefen et al., 2003] . Hydrothermal activity may have been more localized, controlled by the availability of water. Tornabene et al. [2007] suggested that some phyllosilicates formed instead by impact heating of water-bearing target materials. Alternatively, the concentration of phyllosilicates in discrete strata in the walls of Valles Marineris, and the resemblance of some strata to surficial occurrences of phyllosilicates elsewhere , suggests that phyllosilicates that formed in a near-surface environment may have been buried by impact ejecta and volcanism.
Carbonate-Bearing Deposits
[37] Carbonate-bearing bedrock is exposed in craters and escarpments surrounding the Isidis basin, especially in the Nili Fossae region, although a few occurrences farther south in Tyrrhena Terra have been noted [Ehlmann et al., 2008b] . Spectrally, the wavelength positions of overtone absorptions near 2.3 and 2.5 mm and at 3.4 and 3.9 mm are consistent with magnesium carbonate either in hydrated form or mixed with hydrated phases. The carbonate-bearing layer is about 20 m thick, and it lies stratigraphically above local occurrences of layered phyllosilicates (Figure 12 ). In fact it appears coincident with or just above the regional-scale olivine-rich layer [Hamilton and Christensen, 2005; Mustard et al., 2007] that caps the occurrence of hydrated silicates, indicating that the carbonate is a deposit distinct from the phyllosilicates. Ehlmann et al. [2008b Ehlmann et al. [ , 2009 suggested that the carbonates are confined to the Isidis region because they formed directly from the olivine-rich regional deposit, and other olivine-rich deposits were not subjected to a comparable degree of aqueous alteration. They suggested that the carbonates formed as an alteration product of the olivine, or as an aqueous sediment in surface waters.
Intracrater Phyllosilicate-Sulfate Deposits
[38] This newly identified class of deposits has been identified by Swayze et al. [2008] and Wray et al. [2008b Wray et al. [ , 2009 in two closed-basin, highland craters in Terra Sir- Figure 8 . Regional view of eastern Coprates Chasma in Valles Marineris. The background is a THEMIS day IR mosaic, and the overlain strips are CRISM multispectral mapping data represented as spectral parameters (red, BDI1000VIS; green, D2300; blue, BDI1000IR). Blue areas have a 1-mm absorption consistent with olivine and pyroxene, and the magenta areas may be richer in olivine. Green areas (indicated by arrows) are outcrops of phyllosilicates in lower parts of the chasma walls, landslides, and high parts of the wall on the southern side of the chasma. The yellow footprints are CRISM targeted observations; the pair marked A and the one marked B are shown in Figure 9. enum. This setting contrasts with phyllosilicates in fans and deltaic materials, which occur in open basins connected by large channels. The occurrences are ring shaped in planform along contours of nearly equal elevation, and coincide with locations of high nighttime temperature suggesting that the deposits are indurated. The deposits have a medium to light tone, and at visible wavelengths they resemble dust spectrally and display a strong ferric edge (Figure 13a ). Infrared absorptions of parts of the deposits are consistent with the presence of kaolinite and sulfates. Columbus crater contains multiple hydrated Fe and Mg sulfates [Wray et al., 2009] while an unnamed 70 km crater to the west contains the acid sulfate alunite (Figures 13b, and 14) . In Columbus crater, HiRISE images indicate that the kaolinite and sulfates occur in discrete, adjacent layers, and suggest that materials bearing these phases are interbedded [Wray et al., 2008b [Wray et al., , 2009 . CTX images and CRISM multispectral mapping of other large craters in Terra Sirenum reveal several likely additional examples of deposits in this class. Proposed genetic mechanisms include acid weathering of basaltic substrate and chemical sedimentation from acid-saline lakes. Sulfates and smectites found in other craters, e.g., Gale [Thomson et al., 2008a [Thomson et al., , 2008b Milliken et al., 2009] , may also have been formed by acidic waters during diagenesis of sediments within a closed basin, although the ring-shaped pattern of mineral deposits is not evident, and whether deposition was autochthonous cannot yet be determined. 
Meridiani-Type Layered Deposits
[39] The layered, etched, sulfate-and hematite-bearing deposits in Meridiani Planum have been studied intensively from orbit [Christensen et al., , 2001a [Christensen et al., , 2001b Arvidson et al., 2003 Arvidson et al., , 2005 Griffes et al., 2007; Wiseman et al., 2007 Wiseman et al., , 2008 and in situ by MER/Opportunity [Squyres et al., 2004 [Squyres et al., , 2006 Arvidson et al., 2006] . Orbital investigation shows that the etched material covers about 300,000 km 2 , is late Noachian to early Hesperian in age, and was deposited unconformably on early to middle Noachian cratered terrain overlying phyllosilicate-bearing deposits. The deposit is stratified into light-to medium-toned layers of differential erodibility, and is largely undeformed by fracturing or folding. Some of the layers show spectral evidence for monohydrated and polyhydrated, probably Mg-rich sulfates. A lag enriched in coarse-grained hematite blankets parts of the eroded deposit. Figure 15 illustrates a representative example of the deposits as seen by CRISM, showing separate layers containing polyhydrated sulfate (magenta in Figure 15b ) and monohydrated sulfate (yellow-green in Figure 15b ). An inset HiRISE image (Figure 15c ) shows component beds, and cones of dark, sandy material that appear to emanate from discrete layers and to be redistributed by wind.
[40] Landed investigations have provided complementary observations that are required to better understand the origin of the deposits (see section 2). These observations include bed forms such as subaqueous ripples and cross-bedding, rip-up clasts, casts of crystals of soluble minerals that were formed in situ by diagenesis and then redissolved, occurrence of jarosite together with other sulfates, and dark hematite concretions (''blueberries'') several mm across that eroded out of the deposit to form a lag. Elemental abundance measurements show that the deposit has up to several 
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tens of percent sulfates by weight. Gradients in sulfate abundance and the microtextural evidence for recrystallization of a soluble mineral indicate that the sulfate deposits were subsequently altered by subsurface water.
[41] From these measurements and from geophysical modeling, a sequence of events that formed Meridiani Planum's layered deposits has been proposed [Squyres et al., 2006; Arvidson et al., 2006] . Sulfate-rich eolian sandstone was deposited, and then modified by rising groundwater that produced a range of diagenetic features, notably hematite-rich concretions and sulfate cements. Groundwater reached the surface and ponded in interdune lows, where sulfate-rich sediment was deposited in a shallow lacustrine or playa environment. Subsequently the deposits dried and eolian erosion partially removed them, but the dense hematite concretions preferentially formed a lag that is mappable from orbit. The depositional environment was dominantly arid, acidic, and oxidizing. [42] Modeling of Mars' Noachian and early Hesperian hydrologic cycle by Andrews-Hanna et al. [2007, 2008] provides an explanation for the source of the groundwater. In their model, precipitation is assumed to have occurred uniformly at latitudes equatorward of ±45°and to have infiltrated a permeable surface, leaching subsurface rocks and accumulating salinity. Subsurface flow is controlled by topography and by development of Tharsis, which in the model diverts preexisting subsurface water. Discharge occurs in topographically lower regions where the water table intersects the surface and promptly evaporates because of arid conditions, depositing its dissolved load at or near the surface. Only a few regions predicted to have been sites of discharge remain exposed, and are not covered by younger deposits; these include Meridiani Planum and selected other parts of Arabia, parts of the interiors of the Hellas and Argyre basins, Valles Marineris, and Terra Sirenum on the southwestern flank of Tharsis. An unusually high volume of evaporated groundwater is predicted in the Meridiani Planum region, providing a source for the sulfates concentrated in the layered material. The evaporating groundwater discharge is interpreted to have trapped and cemented eolian sediment, and driven diagenetic alteration to form the hematite concretions.
[43] Sulfate-bearing ''outlier'' deposits resembling those in Meridiani Planum have been recognized recently, for example in Schiaparelli Crater [Wiseman et al., 2009] . Completing the discovery of such outlying sulfate-bearing layered deposits is an important task in relating the Meridiani deposits to those elsewhere, such as in Valles Marineris. Figure 13b shows the location of Figure 13c .
Valles-Type Layered Deposits
[44] The major occurrence of sulfate-bearing layered deposits outside Meridiani Planum is in Valles Marineris. They form deeply eroded plateaus up to several km in relief, on the floors of Tithonium, Hebes, Ophir, Candor, Melas, Eos, and Ganges Chasmata, whose comparative geology has been reviewed by Nedell et al. [1987] , Lucchitta et al. [1992] , and Komatsu et al. [1993] . The development and continuity of layers vary from chasma to chasma and are most pronounced in Melas and Candor Chasmata. In contrast to the deposits in Meridiani Planum, some of the deposits in Valles Marineris are highly deformed by folding and exhibit extensive fracturing and possible mineralization along the fractures [Okubo and McEwen, 2007; .
[45] Spectral data indicate a mineral assemblage resembling that in the Meridiani Planum layered deposits. At wavelengths <1.0 mm the deposits are dust-like and dominated by nanophase ferric oxide. Groups of strata contain dispersed crystalline ferric oxide, which is concentrated in talus [Gendrin et al., 2005b; Bibring et al., 2007; Mangold et al., 2008; Le Deit et al., 2007; Murchie et al., 2009b] . At least locally the talus coincides with concentrations of gray hematite adjacent to the layered deposits [Christensen et al., 2001a] . At infrared wavelengths, signatures of both monohydrated and polyhydrated sulfates occur pervasively in different layers within the layered deposits [Gendrin et al., 2005a; Mangold et al., 2008] .
[46] The dominant form of sulfates in the layered deposits is monohydrated [Mangold et al., 2008] , but the nature of the monohydrated phase and the relationship between beds containing different sulfate phases varies between the chasmata but with a major shared attribute: sulfates in the stratigraphically lower parts of the deposits tend to be dominated by monohydrated phases, whereas in the stratigraphically higher parts of the deposits they are dominated by polyhydrated phases. In Juventae Chasma, polyhydrated sulfate overlies monohydrated sulfate and is separated by a distinct geologic contact. The shape and position of the 2.1-mm absorption in the monohydrated sulfate is most consistent with the Fe phase szomolnokite [Bishop et al., 2007 . In western Candor Chasma, the lower and middle parts of the section are dominated spectrally by monohydrated sulfate, most consistent with the Mg phase kieserite. However, as in Juventae Chasma, the upper beds are more dominated by polyhydrated sulfates [Murchie et al., 2007b [Murchie et al., , 2009b . Discrete, dark strata shed dune-forming debris that contains both monohydrated sulfate and pyroxene like that observed in the chasma walls and surrounding plateau. The sequence in Aram Chaos is similar, with polyhydrated sulfate overlying monohydrated sulfate resembling kieserite, but unlike in the other chasmata these units are underlain by material with hydroxylated iron sulfate (Lichtenberg et al., submitted manuscript, 2009 ). In eastern Candor Chasma, multiple layers of polyhydrated and monohydrated sulfates are intercalated, and the monohydrated phase is consistent with kieserite .
[47] Ferric minerals are closely associated spatially with the sulfates in the Valles Marineris ILDs and the Aram Chaos deposits. TES data [Christensen et al., 2001a] show patches of gray hematite, typically at the base of slopes. Higher -spatial resolution data from OMEGA showed that finer-grained, red ferric minerals (possibly oxides) occur in the ILDs and are concentrated, probably by mass wasting, in aprons around the eroded plateaus [Gendrin et al., 2005b; Bibring et al., 2007; Mangold et al., 2008] . The highestspatial resolution data, from CRISM, show concentrations of ferric minerals not only in aprons but also in dunes and other sediment patches scattered throughout the ILDs. Materials in western Candor Chasma exhibit 0.53-and 0.88-mm absorptions due to hematite [Murchie et al., 2009b] , but other occurrences have less well defined ferric absorptions as well as absorptions near 1.9 and 2.2 mm. Minerals that might explain these features include the hydrated ferric sulfate copiapite, the hydrated ferric oxyhydroxide ferrihydrite, or the oxide hematite in combination with one or more other hydrated sulfates [Roach et al., 2007a; Bishop et al., 2009] .
[48] Figure 16 illustrates a representative example of Valles Marineris' layered deposits, in western Candor Chasma, as seen by CRISM and HiRISE and using the same representations of the data as for Meridiani Planum in Figure 15 . Separate layers contain polyhydrated sulfate (magenta in Figure 16b ) and monohydrated sulfate (yellowgreen in Figure 16b ). An inset HiRISE image (Figure 16c) shows component beds and dark, sandy material that appears to emanate from discrete layers. The layered deposits in Valles Marineris very closely resemble those in Meridiani Planum with respect to their remotely measured composition and their meters-scale morphology.
[49] Previously proposed genetic mechanisms for the Valles Marineris interior layered deposits include subaerial fluvial deposition or volcanism [Lucchitta et al., 1992] , accumulation of eolian dust or sand [Peterson, 1981] ous volcanism [Nedell et al., 1987] , or deep erosion exposing preexisting layered chasma wall materials [Malin and Edgett, 2003] . The compositional evidence from spectroscopy effectively rules out eroded wall material and a volcanic origin, while supporting a contribution of evaporites. Furthermore, the similar sulfate stratigraphy between chasmata suggests some level of regional control of sulfate mineralogy.
[50] A potentially unifying hypothesis that would explain Valles Marineris' layered deposits as accumulations of evaporite-cemented eolian sediment was proposed by Murchie et al. [2009b] . They showed that groundwater flow modeling (following the methods of Andrews-Hanna et al. [2007] ) predicts the interior of Valles Marineris to have experienced large amounts of discharge similarly to in Meridiani Planum, which could have formed evaporite-rich layered deposits analogously to the layered deposits in Meridiani Planum. That is, interbedded eolian sand and dust accumulated on chasmata floors where groundwater intersected the surface, evaporated, and created saline conditions in which sulfates precipitated and lithified advected eolian sediments. Even as cemented eolian sediments filled the chasmata, the elevated water table in the surrounding highlands maintained discharge sufficient to continue accumulating kilometers of sediments. Crystalline ferric oxide formed during diagenesis, and subsequently, erosion and mass wasting formed superposed sulfate-bearing dunes and coarse-grained hematitic debris. [51] The folding and fracturing of the deposits in Valles Marineris are the major differences from the Meridiani deposits as seen from orbit, and these could be caused principally by gravity-driven deformation due to greater topographic relief and the greater thickness of the Valles Marineris deposits . Thus Hesperian age discharge of saline groundwater is potentially a globally important mechanism that could explain deposition of sulfate-bearing layered deposits in widely separated locations.
Hydrated Silica-Bearing Deposits
[52] A new discovery by MRO is the occurrence of hydrated silica (opal) in thinly bedded deposits that are superposed on the Hesperian plains surrounding Valles Marineris, including southwest of Melas Chasma, south of Ius Chasma, between Melas and Candor Chasma, west of Ganges Chasma, and west of Juventae Chasma (Figure 17 ) Weitz et al., 2008 Weitz et al., , 2009 . Several occurrences of opaline silica have also been observed within Melas Chasma and associated with pits in Noctis Labyrinthus . Individual beds are on the order of <1 m to $10 m thick, exhibit polygonal fractures several meters in diameter, and are differentially eroded, presenting a morphology distinct from layered deposits within the chasmata. In some places the deposits are eroded into yardangs, and in others they display inverted channels Figure 16 . Valles-type layered deposits in Candor Chasma as seen by CRISM and HiRISE, using the same types of representations of CRISM data as in Figure 15 . (a) Enhanced visible color representation of CRISM observation FRT0000BE37 located at 5.5°S, 284.1°E, showing highly eroded light-and medium-toned layers. (b) Spectral parameter representation of the same observations (red, SINDEX; green, BD2100; blue, DB1900). Yellow and green tones represent occurrences of monohydrated sulfates, and magenta tones represent occurrences of polyhydrated sulfates or other hydrated phases. (c) Part of HiRISE image PSP_009460_1745_RED showing the contact between upper, polyhydrated sulfatebearing beds (top part of image) and lower, monohydrated sulfate-bearing beds (bottom part of image). Dark, sandy material (arrows) appears to emanate from discrete layers, including the layer across the middle of the image which lies at the contact of the monohydrated and polyhydrated sulfate-bearing materials. The white boxes in Figures 16a and 16b show the location of Figure 16c. indicating the importance of past fluvial processes followed by eolian erosion [Malin and Edgett, 2003; Mangold et al., 2004; Williams et al., 2005; Weitz et al., 2008 Weitz et al., , 2009 . They are the highest stratigraphic units in their locations adjacent to Valles Marineris, occurring on top of the Hesperian lava flows and thus have ages at least as young as Hesperian and possibly Amazonian.
[53] Hydrated silica is present in some layers of the deposits as evidenced in CRISM spectra by a very broad absorption at 2.2 mm that is distinct from phyllosilicate spectra [e.g., Milliken et al., 2008; Bishop et al., 2009] . The shape and center of the band, as well as the strengths and position of accompanying bands at 1.39 and 1.9 mm, indicate a variety of forms including altered glass, opal, and/or chalcedony. Other layers exhibit a suite of absorptions consistent with jarosite, indicating alteration under acidic conditions Weitz et al., 2009] . In the plains west of Juventae Chasma, opaline silica is found in thin layers superposed by partially dehydrated sulfate Bishop et al., 2009] .
[54] The spectral features of the opal/altered glass materials described here resemble the features in some beds within the layered phyllosilicate deposit in Mawrth Vallis, which include silica in light-toned layers . In particular, the presence of an OH overtone near 1.38 mm, an H 2 O combination band near 1.93 mm, and an OH combination band centered at 2.21 mm with a shoulder toward longer wavelengths is characteristic of hydrated silica in both types of deposits. The relationship between hydrated silica and high-Si deposits found by MER/Spirit is currently unknown. Possible origins of the hydrated silica include acid weathering of volcanic ash or lava flows, precipitation from hydrothermal discharge, or some combination of chemical precipitation and detrital sedimentation in a fluvial or lacustrine environment Weitz et al., 2008 Weitz et al., , 2009 ].
Gypsum Plains
[55] Gypsum is enriched in Amazonian-aged deposits surrounding the north polar region, as indicated by characteristic absorptions at 1.45, 1.75, 1.9 and 2.2 mm discovered in OMEGA data. This gypsum forms the youngest known large deposit of aqueous minerals on Mars . The strongest absorptions coincide with dark dunes in the north polar sand sea, or erg, which form part of the Olympia Undae unit of Tanaka et al. [2008] . The gypsumbearing dunes have been interpreted previously as a windmodified part of the north polar basal unit (Planum Boreum cavi unit [Tanaka et al., 2008] ), which consists of irregular, platy strata of sand intercalated with thin, light-toned, erosion-resistant strata [Byrne and Murray, 2002; Fishbaugh and Head, 2005] . The dunes are stabilized or indurated at their surfaces, as evidenced by the presence of surface cracks, absence of dry flow on avalanche faces [Feldman et al., 2008] , yardangs, and craters [Schatz et al., 2006] .
[56] Spectral data from OMEGA indicate a relatively large fraction of gypsum at the optical surface and the presence of hydrated minerals in surrounding areas. The nongypsum component of the Olympia Undae dunes is relatively featureless spectrally and resembles TES ''type II'' surface material [Bandfield et al., 2000; Rogers and Christensen, 2007] . Modeling of spectra of the dunes as mixtures of gypsum with a dark, spectrally neutral component like the type II material suggests a gypsum mass fraction at the optical surface as high as 30-45% depending on the assumptions made Horgan et al., 2009] . Outside of the dunes, a weaker 1.9-mm absorption indicative of hydrated minerals occurs throughout the remainder of the Olympia Undae unit, as well as in others parts of the north polar layered deposits (cavi and member 2 of the Planum Boreum Formation and Rupes Tenuis unit). Horgan et al. [2009] identified the source of some of the hydrated material as member 2 of the Planum Boreum formation of Tanaka et al. [2008] , which occurs at the upper contact of the basal unit. The identity of the hydrated phase is uncertain; it could also be gypsum or an additional hydrated sulfate or ferric mineral [Horgan et al., 2009] .
[57] MRO's main contribution to understanding this class of deposit is high-resolution observations, most of which have only recently been acquired. Figure 18 shows the region having the strongest spectral signature of gypsum. CRISM data show that highest concentration of gypsum occurs near the dune crests [Roach et al., 2007b] . Horgan et Figure 17a shows the location of Figure 17b . E00D06al. [2009] argue that this most likely results from an enhanced content of gypsum at the crest rather than from a particle size variation due to eolian sorting, although the mechanism to concentrate the gypsum is unclear. Lightcolored interdune plains have much weaker gypsum absorptions (Figure 18a and 18b) . It is unclear whether this means that the light-toned interdune plains lacks gypsum, because regions of it the size of a CRISM pixel footprint (red box in Figure 18e ) typically also have a subpixel dark component. HiRISE images (Figure 18c ) support a relationship to the basal unit members, because the light-toned plains exhibit the same characteristic polygonal fracture pattern present in the light strata of the Boreum Planum unit 3 and Rupes Tenuis unit [Herkenhoff et al., 2007; Tanaka et al., 2008] .
[58] Proposed origins of the gypsum include weathering of iron sulfides in the sand, the interaction of pyroxene in the sand with acidic snow following past volcanic activity, or precipitation from sulfate-rich groundwater from basal melting of the layered deposits or from polar outflows Fishbaugh et al., 2007] . Existing analyses do not provide compelling evidence for one or the other mechanism, but the mechanical weakness of gypsum suggests that the phase was precipitated close to its present location [Horgan et al., 2009] . Perhaps gypsum has been concentrated from underlying material near the optical surface during by wicking of intergranular films of water, stabilizing the dunes in the process. The similarity of the erg to the north polar basal unit and the apparent presence of hydrated minerals in the Planum Boreum cavi and Rupes Tenuis members of the basal unit suggest that the source of the gypsum was likely related to formation of the basal unit itself. Further analyses of MRO data covering this enigmatic deposit are required to better constrain the history of this late phase of Martian aqueous activity, and to pose welldefined questions for landed investigation.
Discussion
[59] New data described here from MRO, considered together with earlier results from MOC, TES, THEMIS, Figure 18a is the location of the magnified view in Figure 18c. and OMEGA, change the paradigm for the nature, occurrence, and distribution of aqueous mineral-bearing deposits on Mars. Although the view that the Martian crust is dominantly basaltic appears unchanged, evidence now indicates that a far greater variety of alteration products occur in far more diverse geologic settings than was believed prior to MRO. Rather than viewing these alteration products only as so many thousands of outcrops, as described above they also represent at least 9 -10 distinct classes of deposits having characteristic mineral assemblages that occur in rocks with characteristic morphologies in distinct geologic settings. These classes of deposits record periods of Martian history during which liquid water persisted long enough to leave a mineral record, and they represent diverse aqueous environments with differing pH, cation chemistry and water activity levels. As such, they include a record of those regions on Mars that possibly were habitable and sustained conditions necessary to preserve a fossil record of biotic or prebiotic evolution.
[60] The discovery and orbital characterization of these deposits are the first step in understanding the information they contain about past Martian environments. Continued analysis of new and existing orbital measurements, modeling studies, and especially (as described in section 2) landed, in situ investigation will all be needed to understand that record. In this section we identify several major questions raised by these new data. To help focus future investigation of the significance of the different classes of deposits for past environmental conditions, we also propose four hypotheses that could provide links between the deposit classes and the environmental conditions in which they formed, and we examine implications of the existing data for Mars' past habitability.
5.1. Were There Phyllosian, Theiikian, and Siderikian Time Periods Characterized by Distinct Aqueous Deposits?
[61] These periods were named by Bibring et al. [2006] to describe environments that formed alteration products of different ages. In this framework, the phyllosian period was dominated by relatively wet, neutral pH conditions conducive to the formation of clays, and the theiikian by drier acidic conditions in which sulfates formed. The siderikian period represents the more recent part of Mars' history during which liquid water was too rare and transient to leave a widespread mineralogic record observable from orbit. A leading hypothesis for the phyllosian-theiikian transition is shutdown of Mars' dynamo and weakening of the magnetic field, which allowed solar wind to erode the early atmosphere, cooling and drying the climate. Contemporaneously, SO 2 emissions from Tharsis provided a source of sulfur to create an acidic and oxidizing environment and sulfate-rich deposits [Solomon et al., 2005] .
[62] The diversity of aqueous deposits as known after new discoveries by MRO still falls neatly in Bibring et al.'s [2006] [63] The layered phyllosilicates and the compositionally distinct hydrated silica-bearing layered deposits share attributes of their layered morphologies and overlapping geologic settings, but they differ in mineralogic composition and age. Both classes of deposits are superposed on older cratered, eroded terrains. Both contain multiple thin beds; however, the fracturing of the beds tends to differ, with those containing Fe/Mg or Al smectite being pervasively polygonally fractured, and those containing kaolinite group minerals or silica tending to be smoother at a tens-of-meters scale. Their geographic distributions are both restricted but overlap at eastern Valles Marineris and possibly in western Arabia. The leading proposed genetic mechanisms for weathering processes that produced layered phyllosilicates, weathering of vast ash deposits or extensive pedogenesis, both point to important late Noachian environmental conditions that are currently not understood but apparently included mildly acidic to neutral pH waters. In contrast, the compositions of the silica-bearing deposits and their occasional association with Fe sulfates, including jarosite, suggest that they formed during alteration under acidic conditions.
[64] On the basis of these relationships, we propose a hypothesis (hypothesis #1) linking these two classes: that they both represent altered volcanic and impact glass with similar primary mineralogy, deposits with similar layering. However, they weathered under different environments and differences in pH were an underlying factor in producing different alteration assemblages. In this case, these two classes of deposits would provide a record of the effects of changing Martian environmental conditions on comparable primary compositions, from wetter conditions and neutral pH (phyllosian conditions) to drier, acidic (theiikian) conditions.
Is There a Continuum of Lacustrine Deposits With Different Proportions of Evaporites and Detritus?
[65] Three classes of aqueous mineral-containing deposits, phyllosilicates in intracrater fans, plains sediments, and intracrater clay-sulfate deposits, exhibit the strongest evidence for having formed in lake or playa environments. This includes occurrence in topographic basins, the presence of depositional fans, subhorizontal parallel bedding, concentrations of phyllosilicates, and/or concentrations of evaporite minerals. In intracrater fans, phyllosilicates are probably dominated by a detrital component eroded and redeposited from the watershed Ehlmann et al., 2008a] ; there is little evidence for an authigenic component in the fans or for sulfates or other evaporite deposits. Indeed, carbonate is a component in deltaic materials in Jezero crater, indicating neutral to alkaline waters . In contrast, in plains sediments and intracrater claysulfate deposits, evaporitic minerals are present, the probable chlorides and hydrated sulfates.
[66] On the basis of these results, we propose (hypothesis #2) that there is a continuum of lacustrine deposits whose dominant mineralogy results from variations between sediment supply and evaporation in these environments. The recognized examples of phyllosilicates in fans (section 4.2) all occur in basins fed by large systems of valley networks [Fassett and Head, 2008] , providing an obvious source of detritus while flushing the lake basins to maintain salinity at relatively low levels. In contrast, plains sediments containing probable chlorides (for example in Figures 5 and 7) occur outside of these valley network-fed basins. The lack of development of integrated drainage in their basins is evidence for low rates of flushing, and greater loss by evaporation of any standing water that accumulated in the basins. The two currently recognized examples of intracrater clay-sulfate deposits also both occur outside the valley network-fed basins, within craters with minimal evidence for inflow, and they have been proposed to represent deposits emplaced in spring-fed lakes [Swayze et al., 2008; Wray et al., 2008b Wray et al., , 2009 . With a decreased input of detritus, the dominant phases in water-filled basins would likely be salts formed during evaporation.
What Were the Roles Played by Different Processes in Forming Deep Phyllosilicates?
[67] Deep phyllosilicates represent a widespread component of the Noachian crust, with widespread geographic distribution in the highlands where materials have been exhumed from depth. At present there are conflicting indications of what these deposits may reveal about early Martian history. Some of the deposits are layered suggesting deposition in a near-surface environment, whereas theoretical considerations of hydrothermal circulation in the crust and association with megabreccia would suggest a less stratified and more chaotic configuration. At Valles Marineris and Argyre, phyllosilicates appear to be concentrated in discrete layers within an otherwise mafic-rich upper crust. At least some of those layers, for example in the upper walls of Valles Marineris, resemble fine-grained, layered, Al and Fe/Mg phyllosilicates such as those exposed around Mawrth Vallis, suggesting that at least a component of the deep phyllosilicates was formed at or near the surface and later buried. Other examples, for instance at Nili Fossae and lower in the walls of Valles Marineris, are brecciated suggesting a different emplacement mechanism, for example as impact ejecta. Both the fine-grained and brecciated layered materials are buried by younger, mafic mineraldominated deposits. In contrast, the history of lithospheric thickening [Parmentier et al., 2008] suggests that throughgoing hydrothermal alteration of the crust may have been an important process. This process is not expected to have produced such strong stratification of mineral composition. Locally, there are exposures containing minerals that could have formed from a relatively high degree of hydrothermal alteration [Ehlmann et al., 2008c ], but regionally, minerals formed by higher-temperature alteration sometimes occur at shallower depths than minerals expected to form by lower-temperature alteration [Fraeman et al., 2009] . Finally, the brecciated nature of deep phyllosilicates in Nili Fossae and the occurrence of phyllosilicates in impact breccias suggest that impact processes may also have played an important role in forming phyllosilicates as well.
[68] One way to reconcile these observations is hypothesis #3, that deep phyllosilicates were formed by multiple processes, with near-surface formation and subsequent burial dominating at shallower depths, and with localized formation by hydrothermal processes penetrating throughout the crust. More specifically, shallower phyllosilicates may have formed originally as layered phyllosilicates, and others as plains sediments. Others deposits may have been formed at depth by localized low-temperature metamorphism or hydrothermal activity, and then exhumed by impacts and redeposited as ejecta blankets, contributing to the stratified configuration of phyllosilicates at shallow depths. This hypothesis can reconcile some seemingly contradictory observations: that minerals formed by higher-temperature alteration sometimes occur at shallow depths (where they are part of overturned stratigraphy in ejecta blankets), and that although phyllosilicates are exposed from up to about 6 km depth, the deepest crustal exposures, for example the basin rings of Argyre, and the lower walls of Valles Marineris, are dominated by unaltered mafic rocks without obvious evidence for hydrothermal alteration. This hypothesis implies that deep hydrothermal alteration of the crust was not a globally pervasive phenomenon, and may have been controlled by the availability of subsurface water or ice on ancient Mars.
Was Emplacement of Sulfate-Containing Deposits Related by a Common Process?
[69] The modeling of Mars' hydrologic cycle by AndrewsHanna et al. [Andrews-Hanna et al., 2007 Murchie et al., 2009b] provides a possible mechanism that relates the two major occurrences of late Noachian-to Hesperianaged sulfate-bearing materials, the Meridiani-and Vallestype layered deposits. In both cases, the deposits are located where the water table is predicted to have intersected the planet's surface during that part of Mars' history. Sulfate-rich evaporites deposited by the evaporating groundwater would have formed sedimentary deposits themselves, as well as trapped eolian sediment, building up a thick stack of evaporite-cemented eolian materials. On the basis of the success of groundwater discharge models in linking the geographically separated deposits of the two regions, we propose (hypothesis #4) that other theiikian sulfate-rich materials were also deposited where saline groundwater reached the surface during late Noachian to early Hesperian times. This hypothesis predicts that outlying sulfate-bearing deposits such as in Gale crater and Columbus crater will be found to occur within predicted areas of early Hesperian groundwater discharge. The global, low-resolution map of predicted groundwater discharge [Andrews-Hanna et al., 2007] in fact shows regions of high discharge at or near these regions.
Which Classes of Deposits Might Preserve a Record of a Habitable Environment?
[70] Assemblages of minerals formed in ancient environments frequently can indicate whether an environment provided the essential nutrients, biochemically useful energy, and liquid water required to sustain life. Essential nutrient elements apparently have been widely available in most Martian crustal environments, as evidenced by the pervasive distribution of basalts, basaltic sands, and their alteration products. Elemental compositions of Martian basalts broadly resemble those of olivine basalts beneath the seabed on Earth, whose overall nutrient balance has been shown to be adequate to support microorganisms living there today [Fisk and Giovannoni, 1999] .
[71] Habitable environments must also provide, at least intermittently, sources of energy to fuel metabolism, selfreplication, and repair of cellular constituents, as well as sufficiently abundant liquid water. Solar radiation is the most obvious example of an energy source, but microorganisms also can exploit oxidation-reduction reactions to obtain energy in the absence of light. For example, the oxidation of Fe 2+ , Mn 2+ and S species provides energy and reducing power for metabolism and organic synthesis [Fenchel and Blackburn, 1979] . Liquid water must be available at a water activity (a H2O ) sufficient to sustain metabolic processes. The a H2O scale ranges from 0 to 1, where pure water has an activity of 1 and saline waters have lower values. The minimum water activity that is necessary to sustain microbial processes on Earth is $0.75 for haloarchea in NaCl brines and $0.61 for fungi in high sugar media [Grant, 2004] . Providing both energy and adequately fresh water can be problematic. For example, sunlight could sustain photosynthesis at the Martian surface, however ''where the surface and shallow subsurface of [72] The minerals detected in the 9 to 10 classes of deposits identified in this paper indicate a range of soluble cations, pH, Eh, and water activities. These mineral detections constrain the presence of habitable environments at the Martian surface as well as in the subsurface, in the distant past, at the time the deposits containing them were emplaced. The formation of different mineral phases and the sequence of precipitation of salts from evaporating solutions are controlled by the parent lithology of the weathering products that provided the solutes. Tosca et al. [2005] modeled weathering of the dominantly basaltic Martian crustal lithology assuming a Nakhlite-type assemblage, and showed that the sequence of weathering products and the chemistry of the water in which they form should differ from those of terrestrial environments having dominantly granitic lithologies [Tosca et al., 2005] . That and other studies cited below provide a basis for using minerals detected on Mars to help constrain the pH and a H2O of the environments where they formed. Most smectite clays form in near-neutral waters, whereas kaolinite and hydrated silica can also form under weakly acidic conditions [e.g., Chamley, 1989; Nagy, 1995] . Carbonates typically form in weakly alkaline environments [Fairén et al., 2004] and precipitate at a H2O values of 0.83-0.88 (for magnesite formed by weathering of Nakhlite-like primary mineralogy) [Tosca et al., 2008] . As the pH drops below neutrality, different Fecontaining assemblages formed in more acidic (but overlapping) pH ranges: ferric oxyhydroxides such as goethite are formed near pH 5 -6, and sulfates form at lower pH including schwertmannite near pH 3 -5 and jarosite near pH 1-3 [Bigham et al., 1996] .
[73] The relationship between pH and mineralogy for the Fe-OH-SO 4 system also depends on redox potential, or Eh, as described by King and McSween [2005] . Tosca et al. [2005] report a H2O values of 0.86 for jarosite plus epsomite. At even lower pH hydrated iron sulfates such as copiapite and rhomboclase are formed [e.g., Majzlan et al., 2006] , whereas hydrated ferrous sulfates such as melanterite form under pH 0 -4 at lower Eh values. Salinity values for mineral precipitation increase from polyhydrated to monohydrated sulfates, with a H2O near 0.78 for epsomite, 0.62 for hexahydrite, and 0.51 for kieserite [Tosca et al., 2008] . Modeling of solution chemistry suggests that acidic Fe-Mg-(Ca)-SO 4 -Cl solutions will precipitate Fe sulfates with low OH/(OH + SO 4 ) levels such as copiapite and bilinite, Fe (hydr)oxides, Fe phosphates, Ca-Mg-Na sulfates, Si-rich phases, and possibly Mg-Na + K-Ca halides [King and McSween, 2005] . In contrast, ferric Fe is insoluble in nearneutral solutions, thus Mg-Na-(Ca)-SO 4 -Cl solutions would likely result in Fe (hydr)oxides, Ca phosphates, Fe-Mg-Ca carbonates, Si-rich phases, Fe sulfates with high OH/(OH + SO 4 ) levels such as schwertmannite, Ca-Mg-Na sulfates, and possibly Mg-Na + K-Ca halides [King et al., 2004] . Chlorides imply the lowest a H2O at 0.48 [Tosca et al., 2008] because of their relative solubility in basaltic-weathering-derived waters; modeling predicts that chlorides precipitate after sulfate minerals are precipitated.
[74] Two to five classes of deposits, all of probable Noachian age and containing phyllosilicates and carbonates, appear on the basis of our current knowledge to have formed in environments having pH and a H2O values consistent with habitable conditions. Phyllosilicates in fans lack detectable precipitates, and at Jezero they preserve carbonate of probable detrital origin, suggesting neutral to alkaline pH and a H2O ! 0.83. Carbonate deposits imply alkaline pH and a H2O 0.83-0.88 if the carbonates were precipitated, or higher if they formed directly by alteration of olivine in more dilute waters. The phyllosilicate layers in plains sediments also appear to be dominantly detrital and they lack evidence for sulfates or carbonates, allowing the possibility that the water activity may have been high. However, at some localities chlorides apparently precipitated late during the plains sediments' emplacement, indicating that water activities reached values too low (a H2O 0.48) to sustain active metabolism at the time the chlorides formed. These three classes of deposits additionally include phases (e.g., phyllosilicates, carbonates) that can entomb and preserve organic matter and thus are promising to preserve a record of any organic chemistry [Farmer and Des Marais, 1999] . Deep phyllosilicates and layered phyllosilicates probably formed in neutral to mildly acidic pH conditions, and no mineralogical evidence indicating high salinities has yet been detected from orbit.
[75] In contrast, the late Noachian and younger, sulfatebearing deposits may have formed in water environments that were marginally habitable at best because of low water activity, at least at the time when the sulfates were deposited. Earlier periods of higher water activity are not precluded, but neither are they clearly in evidence. Knoll et al. [2005] and Tosca et al. [2008] showed that the presence of sulfates including jarosite in at least parts of the Meridiani layered deposits indicates that they formed in waters that were both acidic and highly saline (a H2O 0.78 for layers containing polyhydrated sulfates, assuming they are epsomite, or up to 0.86 if jarosite was coprecipitated). In the Valles Marineris layered deposits, for a plausible mineral assemblage including epsomite and ferricopiapite, a H2O would have been $0.61, or less where the sulfates were monohydrated. Mineral identification in the intracrater phyllosilicate deposits is ongoing, but preliminary results indicate the presence of hydrated Fe and Mg sulfates including kieserite, plus the acid sulfate alunite, again indicating extreme salinities and low pH. The circumpolar gypsum plains are too poorly understood to allow the habitability of their depositional environment to be assessed, however gypsum is expected to precipitate in waters that are much less saline than those that precipitate magnesium sulfates [Tosca et al., 2005] .
[76] The exobiological potential of hydrated silica-bearing deposits is less clear. Some beds exhibit evidence for jarosite which, if precipitated with epsomite, would allow a H2O as high as $0.86. If the jarosite was detrital or if other hydrated ferric sulfates suggested by Bishop et al. [2009] including copiapite were coprecipitated, a H2O could have been as low as $0.6. However, the layers containing hydrated silica are segregated and their depositional environments might have been less saline and only mildly acidic, and the silica could have effectively entombed organic chemistry [Farmer and Des Marais, 1999] .
[77] Continued acquisition and analysis of orbital data will be critical to resolving among the hypotheses for the origin of aqueous mineral-bearing deposits, and to providing additional constraints on the habitability of their depositional environments. However, landed investigations will provide the best opportunities to characterize these deposits in detail. Techniques including high-resolution imaging to resolve grain-scale relationships and textures, definitive mineralogy, precision chemical analysis, and morphologic data will all be important to clarifying the nature of the processes that led to alteration and deposition of rock formations bearing hydrated minerals. With the new highresolution data from MRO, it is possible to carefully target sites with multiple lithologic units and plan traverses that cross the unit boundaries.
Summary
[78] MRO has complemented results from earlier orbital investigations of aqueous mineral deposits on Mars by improving the spatial resolution at which both mineralogy and surface morphology can be characterized. When added to earlier results from TES, THEMIS, and OMEGA, new observations from CRISM, HiRISE and CTX reveal great diversity of aqueous mineral-bearing deposits. On the basis of similarities in the deposits' mineral assemblages, morphologies, and geologic settings, 9 -10 distinct classes of deposits are recognized, and they outcrop in thousands of locations that are most numerous in the Noachian highlands. As well as they can be determined at present, the deposits' relative ages appear to be consistent with Bibring et al.'s [2006] conceptual framework of distinct phyllosian and theiikian time periods and environments. The implications of these classes of deposits are still being studied and landed investigations ultimately are required to distinguish among competing hypotheses for their origins. The Noachian-aged phyllosilicate-and carbonate-bearing deposits appear, on the basis of data in hand, possibly to have formed in aqueous environments suitable for life.
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